The choline esters potentiated the choline-catalysed decarbamoylation of dimethylcarbamoyl-acetylcholinesterase in proportion to the length of acyl group, although esters containing an acyl chain longer than the hexanoyl group exhibited a corresponding decrease in the potentiation. In structural requirement analysis it was found that both the quaternary ammonium moiety and the ester bond were important for the effective acceleration of choline-catalysed decarbamoylation. In general, the respective thiocholine ester was found to be more effective than the corresponding choline ester. Whereas the binding affinity (Ka) of choline in the decarbamoylation was not significantly altered, the maximum decarbamoylation rate (kr(max.)) of choline was greatly enhanced in the presence of choline esters or thiocholine esters. Along with the above observation, the isotope solvent effect, the effect of ionic strength and the antagonism studies demonstrate that the choline esters or thiocholine esters may interact with one of peripheral anionic sites, and thereby make the choline-catalysed decarbamoylation more favourable.
INTRODUCTION
In earlier observations (Wilson & Alexander, 1962) , it had been reported that the methylcarbamoyl-acetylcholinesterase, which was produced from the incubation of acetylcholinesterase with methylcarbamoylcholine, was decarbamoylated spontaneously. Later, the decarbamoylation of dimethylcarbamoylacetylcholinesterase was reported to be accelerated by alcoholic compounds such as choline or 3,3-dimethylbutan-1-ol (Kitz et al., 1970; Dawson, 1978) . In particular, it was proposed that choline itself potentiated the decarbamoylation by interacting with the central active site of the dimethylcarbamoyl-acetylcholinesterase. Subsequently, the choline-catalysed decarbamoylation was observed to be affected by the allosteric effectors such as gallamine and tubocurarine (Rosenberry, 1975a,b; Pavlic & Wilson, 1978; Dawson et al., 1981) , which are known to interact with peripheral allosteric sites of the enzyme (Scheme la).
Also, decamethonium, a peripheral allosteric modifier, was observed to augment the re-activation of the phosphorylated acetylcholinesterase from erythrocytes by interacting with the regulatory site (Harris et al., 1978) . Thus the compounds that interact with peripheral binding sites of acetylcholinesterase were expected to modulate the catalytic function of the enzyme (Mooser & Sigman, 1974) .
Earlier, it had been reported that at high concentrations acetylcholine decreased the spontaneous decarbamoylation of the methylcarbamoylated acetylcholinesterase from electric eel by interfering with the anionic binding site (Wilson & Alexander, 1962) , and it was proposed that the inhibition of decarbamoylation by acetylcholine of high concentrations might be analogous to the substrate inhibition of acetylcholinesterase activity. Subsequently (Rosenberry, 1975a,b) , the substrate inhibition of acetylcholinesterase (Scheme lb) was observed to be caused by the interaction of the substrate with the allosteric regulatory sites, which were later supposed to be composed of multicomponents involved in the regulation of enzyme activity (Zupancic, 1970; Harris et al., 1978; Niday et al., 1980) . Thus acetylcholine in high concentrations was supposed to interact with one of the peripheral regulatory sites, and thereby inhibit the hydrolysis of the carbamoylated enzyme. However, it was questioned whether even at low concentrations acetylcholine can exert an inhibitory effect on the decarbamoylation. Instead, it was assumed that the spontaneous or choline-catalysed decarbamoylation might be accelerated by low concentrations of acetylcholine, since acetylcholine in low concentrations had been assumed to accelerate its own hydrolysis (Zupancic, 1975) . Moreover, the increase of non-polarity in the structure of choline esters was expected to affect the role of choline esters in the decarbamoylation.
In this context, it seemed of interest to try to determine whethercholine esters enhance thecholine-catalysed decarbamoylation and, if so, what types of binding site and binding properties were involved in the interaction. Furthermore, the understanding of the structural requirement for the effective acceleration of choline-catalysed decarbamoylation would be extended to the design of effectors modulating the decarbamoylation.
Our results demonstrate that the role of choline esters or thiocholine esters in the choline-catalysed decarbamoylation is dependent on the size of the acyl group, and that the esters accelerate the choline-catalysed decarbamoylation by interacting with one of the peripheral binding sites.
EXPERIMENTAL

Materials
Butyrylcholine chloride, propionylcholine iodide, laurylcholine iodide, palmitoylcholine iodide, acetylthiocholine iodide, butyrylthiocholine iodide, pyridostigmine bromide, gallamine triethiodide, 5,5'-dithiobis-(2-nitrobenzoic acid) and DEAESephacel were obtained from Sigma Chemical Co. Choline chloride and acetylcholine chloride were procured from Merck, and 3,3-dimethylbutan-I-ol was from Aldrich Chemical Co. Pentanoylcholine iodide, hexanoylcholine iodide, heptanoylcholine iodide, octanoylcholine iodide, decanoylcholine iodide, isovalerylcholine iodide [m.p. 100°C (decomp.)] and methacryloylcholine iodide (134.5-135.5°C) were synthesized and identified as described by Kyi & Wilson (1957) . Pentanoylthiocholine iodide, hexanoylthiocholine iodide, heptanoylthiocholine iodide and octanoylthiocholine iodide were prepared as described by Renshaw et al. (1938) , and 2-(n-butoxy)ethyltrimethylammo- (1 mM) in the presence of the respective choline ester (1 mM) as described in Fig. 1 (Zupancic, 1970) .
The respective choline ester was dissolved in 0.6°0/ Triton X-100, and a 50 ,ul portion was transferred into assay mixture (3 ml).
Compound KL(uM) Ellman et al. (1961) . The assay mixture (3.0 ml) contained 1.5 mM-acetylthiocholine, 1.0 mM-5,5'-dithiobis-(2-nitrobenzoic acid), 100 mmNaCl and 100 mM-sodium phosphate buffer, pH 7.4. The change in absorbance at 412 nm was monitored continuously, and was confirmed to be linear for more than 30 min in the incubation with both membrane-bound and soluble acetylcholinesterase from mouse. Corrections were made for the non-specific hydrolysis of substrate, including non-enzymic hydrolysis. Under the experimental condition, the rate for the enzymic hydrolysis of butyrylthiocholine or other thiocholine esters with longer acyl chain was less than 20% of that for the hydrolysis of acetylthiocholine (Plummer et al., 1984) . Separately, Triton X-100 (0.05 %) was added to the assay mixture to check the interference caused by the turbidity of membranes.
Preparation of dimethylcarbamoyl-acetylcholinesterase from mouse brain Whole mouse brain was washed and homogenized in a Teflon/glass homogenizer in 15 vol. of 0.05 M-sodium phosphate buffer (incubation buffer), pH 7.35, containing 0.2 mM-CaC12 and 1.0 mM-MgCl2 (Sakai et al., 1985) . The homogenate was centrifuged at 600 g for 10 min to remove fibrous tissues and blood contamination. Subsequently, the supernatant was centrifuged at 25000 g for 10 min at 4°C, and the pellet was rehomogenized in the above incubation buffer to obtain 100 membranebound enzyme homogenate (Plummer et al., 1975; Adamson, 1977) .
This enzyme homogenate (approx. 0.6 activity unit/ml) was incubated with pyridostigmine bromide (final concentration 2 /M) for 30 min at 37°C under shaking, resulting in approx. 80-90 % inhibition, and then washed at 4°C twice with 15 vol. of saline to remove excess carbamate (Harris et al., 1987) . Finally, the inhibited enzyme pellet was rehomogenized in distilled water to make the 100% homogenate of the inhibited enzyme, and stored at 4°C without significant change of carbamoylation.
Separately, soluble acetylcholinesterase was obtained by treating the brain homogenate with 1 % Triton X-100, and partially purifying the enzyme by using DEAE-Sephacel column (Rakonczay et al., 1981) .
Decarbamoylation of the dimethylcarbamoyl-enzymes
Decarbamoylation was started by addition of the inhibited enzyme homogenate (10 ,ul) to the prewarmed (37°C) incubation buffer (5001,) containing test compounds, and preserved at 37°C under shaking. After 5 min decarbamoylation, a 25,tl portion was taken and subjected to the assay of acetylcholinesterase activity as described previously. The decarbamoylation degree (%) was expressed as the percentage of the activity reactivated for 5 min out of the total amount of the initially inhibited enzyme, which was obtained by subtracting the enzyme activity at the start of decarbamoylation from the activity after 2 h incubation of the inhibited enzyme with 2 mM-choline for full decarbamoylation (Dawson, 1978) . Separately, the first-order rate constant (kr) was derived from the semi-logarithmic plots of percentage inhibition at three time intervals (5, 10 and 15 min). Triton X-100 (0.3 %) was included in the decarbamoylation mixture to check the effect of turbidity. The result was expressed as the average of three or more experiments.
RESULTS
Since the choline esters such as acetylcholine, propionylcholine and butyrylcholine were found to enhance the choline-catalysed decarbamoylation (Sok et al., 1992) , various synthetic choline esters containing different sizes of acyl group were evaluated for the potentiation of choline-catalysed decarbamoylation. Fig. 1 shows that pentanoylcholine or hexanoylcholine significantly enhanced the choline-catalysed decarbamoylation as observed with butyrylcholine, although the respective choline ester itself showed only a small decarbamoylating effect. In general, the potentiating effect of these choline esters reflected the additive or synergistic co-operation between choline and choline esters. On the other hand, the inclusion of heptanoylcholine or choline esters containing longer acyl groups resulted in the decrement of decarbamoylation degree below that caused by choline alone. In a separate experiment where 0.3 0°Triton X-100 was added to the incubation mixture for decarbamoylation, the same results were obtained, indicating that the inclusion of Triton X-100 in the reaction mixture used is not necessary (Fig. lb) .
In comparison (Fig. 2) , the enhancing effect was observed to be remarkable with the choline esters containing acyl groups of intermediate size, but the long-acyl-group-containing choline esters such as palmitoylcholine, decanoylcholine and octanoyl- as reported by Dawson (1978) .
choline rather exerted an inhibitory effect on the choline-catalysed decarbamoylation. Thus the enlargement of acyl chain length over six carbon atoms rather resulted in a decrease of the potentiating effect of choline esters.
Structure-activity relationship Although 3,3-dimethylbutan-l-ol had been reported to catalyse the decarbamoylation of the carbamoylated cholinesterase from bovine erythrocytes (Dawson, 1978) , our results show that it is not comparable with choline in the decarbamoylation of carbamoylated acetylcholinesterase from mouse brain (Table 1) . Furthermore, the choline esters did not potentiate the 3,3-dimethylbutan-l-ol-catalysed decarbamoylation. To investigate the structural requirement for the maximal potentiating effect of the choline esters in the choline-catalysed decarbamoylation, various ester derivatives were synthesized and tested for the decarbamoylation effect. As illustrated in Table 1 , the quaternary kr' = first-order rate constant for spontaneous decarbamoylation = 0.0015 min-' (0.0013-0.0017 min-').
ammonium group was found to be important for the maximum potentiating effect (Roufogalis & Thomas, 1969) , and the necessity of the ester bond is supported by the observation that the replacement of the ester group by an ether group led to the remarkable decrease of the potentiating effect. Additionally, it was observed that the n-butyryl group is more favourable than the branched or unsaturated acyl group. It is noteworthy to observe that the thioesters are more effective than the oxygen esters in potentiating the decarbamoylation. Although the reason why choline esters containing an acyl group longer than six carbon atoms are inhibitory on the cholinecatalysed decarbamoylation is not explained properly at this moment, it was found with the choline esters containing acyl chain longer than a hexanoyl group (Table 2) that the longer the acyl chain of the choline esters is, the greater the inhibitory role of the compound on the cholinesterase-catalysed hydrolysis of acetylthiocholine is. So, it is not a surprise to find out that pentanoylcholine and hexanoylcholine, possessing the higher K. values in the inhibition of acetylcholinesterase activity, are more effective in potentiating the choline-catalysed decarbamoylation ( Fig. 2 and Table 2 ).
Co-operative interaction between choline and thiocholine esters
In the preceding data (Table 1) , butyrylthiocholine was shown to be more effective than butyrylcholine in potentiating the choline-catalysed decarbamoylation. Again, Fig. 3 shows that the thiocholine esters, butyrylthiocholine, pentanoylthiocholine or hexanoylthiocholine, greatly enhanced the choline-catalysed decarbamoylation, although the thiocholine esters containing an acyl group of longer size (heptanoyl to octanoyl) lowered the decarbamoylation degree of choline itself (Table 3 ). In a further study (Fig. 4) where the first-order rate constant (kr) for the potentiated decarbamoylation was plotted against the concentration of choline, it was observed that in general the thiocholine carbamoylation feasible within short time (approx. 10 min) under the condition used. On the basis of these observations, the cooperative interaction between choline and pentanoylthiocholine was more extensively studied. When the decarbamoylation of the carbamoylated enzyme by choline alone or the combination of choline and pentanoylthiocholine was measured, and evaluated in terms of kinetic constants derived from a Hanes plot (Fig. 5) , it was observed that the Ka value of choline was not greatly affected by pentanoylthiocholine whereas the kr(max.) value was enhanced by 2-fold or more. Accordingly, it was assumed that pentanoylthiocholine exerted a directly enhancing effect on the choline-catalysed decarbamoylation. In a further experiment (Fig. 6) , where the concentration of choline was varied and the concentration of pentanoylthiocholine was set at 1.0 mm, it was observed that the degree of decarbamoylation by the combination was about 2-fold greater than that caused by choline alone over all the concentration range, in support of the above assumption concerning the potentiating role of pentanoylthiocholine in the choline-catalysed decarbamoylation. Additionally, it was found that whereas choline exhibited the saturation kinetics at the concentrations higher than 10 mm, pentanoylthiocholine started to show the saturation pattern at concentrations lower than 0.5 mM. In an experiment (Fig. 7) where the effect of ionic strength was investigated, it was found that the binding constant (K.) of choline in the decarbamoylation was decreased 3-fold in low-ionic strength buffer, compared with that at high-ionic strength buffer, whereas pentanoylthiocholine enhanced the choline-catalysed decarbamoylation to the same extent as observed in high-salt buffer. In a separate experiment (Table 4) , where the decarbamoylation by choline was investigated with 2H20 as a solvent, an isotope effect on the Michaelis constant was not observed, although the decarbamoylation ratio (VH2O/V2H2O) was found to be approx. 1.4. Meanwhile, the potentiating effect of pentanoylthiocholine was not significantly altered in 2H20. In an additional study (Fig. 8) , it was demonstrated that pentanoylthiocholine effectively decreased the decarbamoylation effect of gallamine, a well-known allosteric peripheral effector, at higher concentrations, suggestive of competition between gallamine and pentanoylthiocholine towards the same binding site of the enzyme.
DISCUSSION
Choline was observed to enhance the decarbamoylation of dimethylcarbamoyl-acetylcholinesterase as reported previously (Dawson & Poretski, 1985) . However, 3,3-dimethylbutan-l-ol failed to enhance the decarbamoylation, inconsistent with a former report (Dawson, 1978) . This discrepancy may be due to differences in the enzyme source or the incubation conditions.
Although alcoholic and quaternary ammonium moieties are confirmed to be important for the structural requirement in the decarbamoylation by choline as reported (Dawson, 1978) , our observation suggests that the direct involvement of the nucleophilic alcohol in the decarbamoylation may be less likely, since 3,3-dimethylbutan-1-ol, which had been reported to replace choline in nucleophilic decarbamoylation, was found to be ineffective in our experimental conditions. Moreover, in buffer of low ionic strength the maximum decarbamoylation effect of choline itself was not significantly altered, despite the observation that the nucleophilic activity decreased at lower ionic strength (Quinn, 1987) . Further, thiocholine, a more potent nucleophile, was found to be one-third less effective than choline in decarbamoylation.
In choline-catalysed decarbamoylation, it was observed that among the short-acyl-group-containing esters the potentiating effect increased proportionally according to the length of acyl chain, with the maximal potentiation being observed with . Effect of ionic strength on the decarbamoylation of dimethylcarbamoyl-acetylcholinesterase by pentanoylthiocholine or combination of pentanoylthiocholine and choline (0.5 mM) The experiment was performed as described in Fig. 6(b) legend, except that the ionic strength of the buffer was varied; (a) 2 mMsodium phosphate buffer, pH 7.35; (b) the same buffer containing 150 mM-NaCl. The studies concerned with the structural requirement indicate that both the quaternary ammonium moiety and the ester bond were essential for the effective potentiation of choline-catalysed decarbamoylation, suggesting that the enzyme may have another selective binding site towards these choline esters, especially thiocholine esters. Previously it had been reported that the substrate inhibition of human erythrocyte acetylcholinesterase might be due to the interaction of acetylcholine or acetylthiocholine with one of multiple allosteric subsites of the enzyme (Niday et al., 1980) . At this moment, it is not clear whether the binding site for acetylcholine in the substrate inhibition corresponds to the binding site for these choline esters in decarbamoylation. However, the observations that choline esters or thiocholine esters containing intermediate-size acyl groups effectively accelerate the choline-catalysed decarbamoylation are suggestive of the selective interaction of the choline esters with one of the peripheral binding sites, distinct from the central binding site for choline. Moreover, the enhancing effect of gallamine, a peripheral accelerator, on the choline-catalysed decarbamoylation was found to be antagonized by pentanoylthiocholine. Further support for the above suggestion comes from the observations that the maximum decarbamoylation rate of choline is greatly enhanced by penta-noylthiocholine, whereas the K2 value of choline was not significantly changed in the presence of esters. And, although the binding affinity of choline was enhanced in lower-salt buffer as reported previously (Dawson, 1978) , that of pentanoylthiocholine was not changed greatly. In addition, it was found that the rate of the choline-catalysed decarbamoylation was affected by an isotope effect of solvent, but the potentiating effect of pentanoylthiocholine was not.
Although the subsites of the peripheral binding site were not investigated here, it seems that the peripheral binding subsite for the choline esters may be distinguished from that for the allosteric effectors such as gallamine or tubocurarine, on the basis of the observations that a decrease in ionic strength enhanced the Vol. 284 pentanoylcholine or hexanoylcholine, although elongation of the carbon chain to longer than six carbon atoms resulted in a corresponding decrease of the potentiating effect as the acyl accelerated decarbamoylation by the allosteric effectors (Dawson, 1978) but not that by choline esters, and that, whereas the ester linkage in the structure of choline esters is required for the effective accelerator of decarbamoylation, the structure of the allosteric effectors contains the ether linkage.
Interestingly, the effects of choline esters on the cholinecatalysed decarbamoylation and the hydrolysis of acetylthiocholine by acetylcholinesterase differed according to the length of the acyl group; choline esters such as pentanoylcholine and hexanoylcholine, which efficiently accelerate the cholinecatalysed decarbamoylation, showed higher Ki values in the inhibition of acetylcholinesterase activity, whereas the choline esters with the acyl group of longer size (C12 -C16), exhibiting a strong inhibition of the enzyme activity, rather decreased the choline-catalysed decarbamoylation. These observations indicate that the interaction of the choline esters with the peripheral binding site may be characterized by a biphasic pattern of regulation, activatory or inhibitory, depending on the size of the acyl group, although it is not clear whether the interaction with the choline ester occurs on the same subsite of peripheral binding site or on the different subsites.
